The RNA helicase Prp2 facilitates the remodeling of the spliceosomal B act complex to the catalytically activated B * complex just before step one of splicing. As a high-resolution cryo-EM structure of the B * complex is currently lacking, the precise spliceosome remodeling events mediated by Prp2 remain poorly understood. To investigate the latter, we used chemical structure probing to compare the RNA structure of purified yeast B act and B * complexes. Our studies reveal deviations from conventional RNA helices in the functionally important U6 snRNA internal stem-loop and U2/U6 helix Ib in the activated B act complex, and to a lesser extent in B * . Interestingly, the N7 of U6-G60 of the catalytic triad becomes accessible to DMS modification in the B * complex, suggesting that the Hoogsteen interaction with U6-A52 is destabilized in B * . Our data show that Prp2 action does not unwind doublestranded RNA, but enhances the flexibility of the first step reactants, the pre-mRNA's 5 ′ ′ ′ ′ ′ splice site and branch site adenosine. Prp2 therefore appears to act primarily as an RNPase to achieve catalytic activation by liberating the first step reactants in preparation for catalysis of the first step of splicing.
INTRODUCTION
The removal of introns from nuclear pre-mRNA proceeds by way of two phosphoester transfer reactions and is catalyzed by the spliceosome, a large ribonucleoprotein (RNP) complex composed of the snRNPs U1, U2, U4/U6, and U5 and numerous proteins (Wahl et al. 2009 ). The spliceosome is a highly dynamic RNP machine that undergoes many changes in composition and conformation during its work cycle, which are driven by at least eight conserved DEAH/D-box ATPases or RNA helicases (Staley and Guthrie 1998; Wahl et al. 2009 ). The stepwise assembly of the spliceosome is initiated by the base-pairing of U1 snRNP with the 5 ′ splice site (ss) and U2 snRNP with the downstream branch site (BS) sequence, yielding the A complex. The U4/U6.U5 tri-snRNP, in which the U4 and U6 snRNAs are extensively base paired, associates with the A complex, and a short helix between the 3 ′ end of U6 and the 5 ′ end of U2 (U2/U6 helix II) is formed. The U1/5 ′ ss interaction is disrupted by the action of the DEAD-box ATPase Prp28, allowing base-pairing of the 5 ′ ss with the conserved ACAGA sequence of U6 snRNA, thus forming the spliceosomal B complex (Staley and Guthrie 1999) . Subsequently, the activated spliceosome (B act ) and then the catalytically activated B * complex are generated.
Step 1 of splicing then takes place, transforming the B * into the C complex, which contains the cleaved 5 ′ exon and the intron lariat 3 ′ exon splicing intermediates. Complex C catalyzes step 2 of splicing, during which the lariat intron is excised and the 5 ′ and 3 ′ exons are ligated. The transformation of the precatalytic B complex into a catalytically active machine is a multistep process that requires extensive structural rearrangements. To generate the B act complex, structural activation of the B complex is achieved by the Brr2 RNA helicase-mediated dissociation of the U4/U6 base-pairing interaction (Raghunathan and Guthrie 1998) . This allows U6 snRNA to form the U6 internal stem-loop (ISL) and to engage in a new base pair formation with U2 snRNA, generating the U2/U6 helices Ia and Ib (Staley and Guthrie 1998; Wahl et al. 2009 ). These RNA structural elements are at the heart of the catalytic core of the spliceosome (Nilsen 1998) . Biochemical and genetic studies in yeast provided strong evidence that within the B act complex a catalytic U2/U6 RNA-RNA interaction network is assembled that is highly similar to the catalytic RNA network of group II self-splicing introns (Fica et al. 2013) , and this was recently further confirmed by cryo-EM structures of yeast and human spliceosomes Yan et al. 2015 Yan et al. , 2016 Yan et al. , 2017 Galej et al. 2016; Rauhut et al. 2016; Wan et al. 2016a,b; Bertram et al. 2017; Fica et al. 2017; Zhang et al. 2017) . Thus, similarly to the catalytic domain V of group II introns, the U2/U6 helix Ib and the U6 ISL adopt a secondary structure in which a conserved AGC triad is situated 5 bp away from a conserved bulged nucleotide in U6 (U6-U80 in S. cerevisiae) (Keating et al. 2010) . Moreover, the U6 catalytic metal ligands, situated in the triad and the bulge, correspond one-to-one to the domain V ligands. Finally, similarly to the group II intron catalytic core, a group II-like triple helix also appears to form in U6 snRNA to juxtapose the two metal binding sites at the U6-U80 bulge loop and the AGC triad. In yeast, this spliceosomal triplex is comprised of Hoogsteen interactions of the terminal G52 and A53 of the conserved U6 ACAGA box with nucleotides G60 and A59, and of U6-U80 with C61 of the AGC triad, respectively (Fig. 1A,B) .
Cryo-EM 3D structures of the S. cerevisiae B act complex (Rauhut et al. 2016; Yan et al. 2016) demonstrated that this intricate catalytic U2/U6 RNA network is already in place in the activated spliceosome. Moreover, the cryo-EM 3D structures of the yeast C complex (Galej et al. 2016; Wan et al. 2016a) , the yeast and human C * complexes, which are activated for catalysis of step II of splicing (Bertram et al. 2017; Fica et al. 2017; Yan et al. 2017; Zhang et al. 2017) , and of the S. pombe intron lariat spliceosome (ILS) Yan et al. 2015) , revealed that the catalytic U2/U6 RNA core exhibits a similar overall 3D structure during the two catalytic phases of the spliceosome. These cryo-EM structures also revealed how the 3D structure of the catalytic U2/U6 RNA core is stabilized by numerous protein-RNA interactions, in particular by Prp8 and members of the nineteen complex (NTC). Tertiary interactions of the AGC triad are shown as gray lines. Stacking of U6-G52 and U6-U80 is indicated (Fica et al. 2014 (Warkocki et al. 2009; Liu and Cheng 2012; Schneider et al. 2015) . The molecular basis for this was revealed by the cryo-EM structures of the yeast B act complex (Rauhut et al. 2016; Yan et al. 2016) . First, the BS/U2 helix is clamped between the terminal HEAT repeats of the U2 SF3b protein Hsh155, and the BS-A is sequestered in a protein pocket formed by Hsh155 and the SF3b protein Rds3. The BS/U2 helix is oriented in such a way that the 5 ′ terminal end of U2 in the BS/U2 helix is ∼27 Å above the 3 ′ terminal end of U2 in the U2/U6 helix Ia and both helices are connected by the 4-nt-long U2 linker (Fig. 1C) . The 2 ′ hydroxyl of the bulged BS-A is thus spatially separated from the scissile bond of the 5 ′ ss by ∼50 Å. In addition, the 5 ′ ss, although positioned close to the catalytic center, is shielded by proteins, including residues of Cwc24 and Prp11 (Rauhut et al. 2016; Yan et al. 2016 ). This molecular organization ensures that the first catalytic step of splicing does not occur prematurely during the B to B act complex transition. The final step of catalytic activation, that is, the conversion of B act into the B * complex, is mediated by the DEAH-box ATPase Prp2 in conjunction with its G patch cofactor Spp2 (King and Beggs 1990; Kim and Lin 1996; Warkocki et al. 2009 Warkocki et al. , 2015 . Due to the lack of a cryo-EM 3D structure of the B * complex, the structural rearrangements that occur during this step are poorly understood. Biochemical studies revealed that the strength of interaction of a number of proteins with the spliceosome is affected during B * formation. For example, the B act proteins Cwc24 and Cwc27 are largely displaced, and the interaction of the RES complex protein Bud13 is less stable, in affinity-purified B * complexes (Warkocki et al. 2009; Ohrt et al. 2012) . Moreover, the U2 snRNP SF3a and SF3b protein complexes, which are known to bind to the intron upstream and downstream from the BS, are also destabilized (Warkocki et al. 2009; Lardelli et al. 2010; Schneider et al. 2015) . The remodeling and destabilization of these proteins by Prp2/Spp2 suggests that the structure of the catalytic core, in particular in the vicinity of the BS and the 5 ′ ss, is also remodeled. Genetic data suggest that Prp2 might destabilize the catalytic RNA network and remodel U2/U6 helix I (Wlodaver and Staley 2014) . However, it is presently not known whether Prp2, like the RNA helicases Prp28 and Brr2, facilitates changes in the spliceosomal RNA-RNA base-pairing pattern, or whether Prp2 instead acts primarily as an RNPase, that is, by remodeling protein-RNA interactions (Fairman et al. 2004) .
Here, using a purified splicing system (Warkocki et al. 2009 ), we have performed chemical structure probing to investigate possible changes in the secondary and tertiary structure of the RNA network of the S. cerevisiae spliceosome during the Prp2-mediated transformation of the B act complex into the catalytically active B * complex. We show that the U2/U6 snRNA duplex forms the conserved three-way junction in both complexes, but that there are deviations from conventional RNA helices at the lower stem of U6 ISL. Unexpectedly, N7 of U6-G60 in the catalytic triad becomes fully accessible in the B * complex. The major effect of Prp2 action is a significant increase in the flexibility of the first step reactants upon catalytic activation, without any evidence for changes in Watson-Crick RNA base-pairing. Prp2 thus appears to remodel RNA-protein units of the spliceosome in order to achieve liberation of the first step reactants for the first step of splicing.
RESULTS AND DISCUSSION
RNA structure probing of purified yeast B act and B * complexes S. cerevisiae B act spliceosomes were assembled on an actin pre-mRNA containing MS2 aptamers, in heat-inactivated splicing extracts from a temperature-sensitive prp2-1 yeast strain, and were purified by glycerol-gradient centrifugation, followed by MS2-MBP affinity chromatography. To generate B * complexes, purified B act complexes were complemented with ATP and recombinant Prp2 and its cofactor Spp2; under these conditions ∼90% of B act complexes are converted to B * (Warkocki et al. 2009 ). To determine the RNA structure of the B act and B * complexes, the Watson/Crick (W/C) edges of RNA were probed with dimethylsulfate (DMS, A-, and C-specific), β-ethoxy-α-ketobutyraldehyde (kethoxal, G-specific), or 1-cyclohexyl1-3-(2-morpholinoethyl) carbodiimide metho-p-toluene (CMCT, U-specific with low reactivity toward G). With these reagents, reactivity is only observed with unpaired nucleotides, providing information about RNA secondary structure (Ehresmann et al. 1987) . Singlestranded nucleotides protected by protein are unreactive. The flexibility of the 2 ′ -OH groups was probed by selective 2 ′ -hydroxyl acylation followed by primer extension (SHAPE) . With SHAPE, 2 ′ -hydroxyl groups of helical or otherwise constrained nucleotides show decreased reactivity Wilkinson et al. 2005; Gherghe et al. 2010) , while those of flexible nucleotides exhibit greater reactivity (Weeks 2010) . SHAPE thus directly measures RNA motion and is largely independent of solvent accessibility (McGinnis et al. 2012) . To monitor tertiary RNA interactions, we probed the accessibility of the N7 position of purines with diethylpyrocarbonate (DEPC; specific for N7-A) or DMS (specific for N7-G), followed by aniline-induced strand scission (Ehresmann et al. 1987) . All modifications were analyzed by primer extension of the RNAs at the catalytic center of the spliceosome (i.e., the pre-mRNA, U2, and U6 snRNAs). In all cases, the primer extension analysis leads to a stop 1 nt before the chemically modified nucleotide. The RNA structure in the B act and B * spliceosomal complexes was analyzed in parallel, and the results are summarized in Figures 1-3 with representative data sets (see Supplemental Figs. S1-S3 for the full data set). Prp2 in spliceosome catalytic activation www.rnajournal.org 1773
Overall similarity between RNA structure probing and the 3D cryo-EM structure of the B act complex
Reactivities and protections of the W/C positions in the B act complex (orange dots in Fig. 1C ) were in good overall agreement with the three-way junction model of the U2/U6 snRNA duplex as proposed previously (Madhani and Guthrie 1992) . Thus, most of the nucleotides in U2/U6 helices Ia and Ib, in the upper part of the U6-ISL and in U2/U6 helix II, were well protected from chemical modification (Fig.  1C) . In contrast, U6 nts 84-90 and U2 nts 14-19 exhibited strong W/C accessibilities ( Fig. 1D ; Supplemental Figs. S1A,C, S2A-C) and/or high flexibilities of their 2 ′ -OH groups ( Fig. 2A,B) , indicating that both internal loop regions are single-stranded, consistent with the structural organization of the U2 and U6 snRNAs in the cryo-EM structure of the B act complex (Rauhut et al. 2016; Yan et al. 2016 ). Most of the U6 ACAGA box nucleotides and their complementary nucleotides near the 5 ′ end of the intron were not, or only very weakly, accessible to all chemicals, consistent with their involvement in helix formation (Fig. 1C) . In addition, three single-stranded nucleotides at the 5 ′ ss of the premRNA and six at the 3 ′ end of exon 1 were protected at their W/C edges ( Fig. 1C; Supplemental Fig. S3A ) and were not flexible based on SHAPE analyses (Fig. 2C) , indicating protection by protein. This is consistent with the situation found in the cryo-EM structure of the B act complex, where the G of the 5
′ ss GU dinucleotide is caged by the Cwc24 and Prp11 proteins (Rauhut et al. 2016; Yan et al. 2016) , with the latter extending to the U5 loop 1 that interacts with the 3 ′ -most nucleotides of the 5 ′ exon. As expected for a helical structure, the W/C edges of the nucleotides of U2 snRNA and the intron that form the BS/U2 helix were not accessible ( Fig. 1C ; Supplemental Figs. S2A-C, S3E). The N7-purine positions of U2 snRNA nucleotides of the BS/U2 helix showed strong to medium accessibility, whereas the complementary nucleotides of the intron were not, or only weakly, reactive ( Fig. 3A; Supplemental Figs . S2A,D, S3F,G). These observations suggest that the BS/U2 helix is distorted, with an accessible major groove on the U2 face (Weeks and Crothers 1993) . This is most likely due to the binding of U2 SF3a and SF3b proteins to the region upstream of the BS region of the intron (McPheeters et al. 2000; Schneider et al. 2015; Cretu et al. 2016) . Twelve intron nucleotides immediately upstream of the BS were not reactive at their W/C edges or were not flexible, or both (Figs. 2D, 4A ; Supplemental Figs. S3E, S4 ). This is consistent with the cryo-EM structure of the yeast B act complex (Yan et al. 2016) , which shows that these intron nucleotides are indeed base paired and/or bound by the Prp11 and Hsh155 proteins (Fig. 4A-C) . The RNA nucleotides immediately upstream of the BS constitute an extended BS/U2 helix (Fig. 4A) , which may be particular to the pre-mRNA substrate used. However, a cavity is created by the proteins (Fig. 4B ) that would allow for protection by protein-RNA interactions in the absence of a perfect RNA helical structure (Fig. 4C) . Downstream from the BS, three patches of protection of the WC/edges were observed, which partially overlapped with regions of low flexibility (Supplemental Fig. S4 ). The cryo-EM structure of the B act complex revealed that this region of the intron runs from the BS in a single-stranded fashion, across the superhelical α-solenoid-like structure of the Hsh155 protein (Fig. 4C) . Strikingly, the W/C protections observed roughly align to regions where the RNA bases in the cryo-EM structure are contacted by the Hsh155 protein when they cross and exit from the α-solenoid formed by the Hsh155 HEAT repeats (Fig. 4A,C) .
The conserved AAGU (nucleotides 30-33) U2 linker sequence (linker 1; nts 30-33) that connects the BS/U2 helix to helix Ia was fully accessible at the W/C edges and the Fig. S2 ). This region is thus singlestranded and its properties make it a perfect candidate to act as a flexible hinge during RNA helicase-mediated remodeling of the spliceosome for catalytic activation. In fact, such a rotation was instrumental in the initial modeling of the RNA network of the human C complex (Anokhina et al. 2013) . A comparison of the yeast B act (Rauhut et al. 2016; Yan et al. 2016) , C (Galej et al. 2016; Wan et al. 2016a) , and C * (Fica et al. 2017; Yan et al. 2017 ) complexes reveals that the major rotational movement of the U2 snRNA hinges on this flexible linker ( Fig. 4D; Supplemental Fig. S6 ).
Deviations from conventional RNA helices in the lower stem of the U6 ISL and U2/U6 helix Ib in the B act complex
The U6 ISL in the structures of the B act and C complexes is generally depicted as composed of a lower and upper stem separated by a bulge structure (see Fig. 1B ). Our structural probing however revealed subtle differences. First, U6-C84, at the base of the lower U6 ISL, showed strong W/C accessibility and high flexibility (Figs. 1C,D, 2A; Supplemental Fig.  S1A ), while U6-G63 was slightly accessible ( Fig. 1C;  Supplemental Fig. S1C ) and not flexible ( Fig. 2A) , indicating that the two nucleotides do not form a canonical base pair. Second, we find that the two U nts following U6-G63 (U64 and U65) exhibited medium W/C reactivity ( Fig. 1E ; Supplemental Fig. S1B ) and some flexibility ( Fig. 2A ; Supplemental Fig. 1A ), but their base-pairing partners, A82 and A83 of U6 snRNA, showed low W/C reactivity ( Fig. 1D ; Supplemental Fig. S1A ) and no flexibility ( Fig. 2A) . This suggests an inherent potential for breathing of the lower U6 ISL. Consistent with these findings, the W/C edges of U6-G63 and U6-C84 are ∼3.9 Å apart in the B act structure (Rauhut et al. 2016; Yan et al. 2016 ). Further, U6-A62, which connects the lower U6 ISL with the U2/U6 helix Ib, was fully accessible at the W/C edge (Fig. 1D ), but not flexible at all (Fig. 2A) . This demonstrates that U6-G63 is not base-paired, but the nucleotide must be constrained otherwise. The likely cause is the single-stranded stack between U6 bases C61 and A62 to U65 that was observed in the cryo-EM structure of the yeast B act complex (Rauhut et al. 2016) . Finally, helix Ib also showed some asymmetric reactivities. For example, U6-C61 exhibited medium reactivity at its W/C edge ( Fig. 1D; Supplemental Fig.  S1A ) but no flexibility (Fig. 2A) ; in contrast, its presumed base-pair partner, U2-G21, was only weakly modified (Supplemental Fig. 2A,C) . Moreover, U6-A59 also showed weak W/C reactivity (Fig. 1D) , while U2-U23 did not (Supplemental Fig. S2B ). In summary, these asymmetric reactivities of the nucleotides in the lower stem of the U6 ISL and the U2/U6 helix Ib indicate significant deviations from perfect helices. These nucleotides (with the exception of U6-G63 and U6-C84) appear to be base paired in the cryo-EM structures of the yeast B act complex (Rauhut et al. 2016; Yan et al. 2016 ), but they may breathe when in solution.
A dramatic increase in flexibility of first step reactants induced by Prp2-mediated catalytic activation Next, we investigated the structural changes occurring in the RNA-RNA interaction network of the spliceosome during the Prp2-induced catalytic activation of the B act complex to B * . First, our data indicated that none of the double-helical elements in the RNA catalytic core are disrupted in B * (Figs. 1-3 ; Supplemental Figs. S1-S3). This includes the three-way junction, the U6 ACAGA box region, and the extended BS helix (Fig. 4) . At the bottom of the U6 ISL, U6-U64 and U6-U65 showed a decrease in W/C reactivity ( Fig.  1C,E; Supplemental Fig. S1A,B) and a strong decrease in flexibility ( Fig. 2A) . This likely indicates consolidation/stabilization of the helical structure of the lower U6 ISL in preparation for catalysis. However, U6-C84 is still fully accessible in the B * complex, showing that U6-G63 is not base paired to U6-C84, not even directly prior to catalysis.
We did not detect any changes in the structure of the U2 snRNA during the B act to B * transition ( Fig. 1F ; Supplemental Fig. 2A-C) . Previous genetic data suggested that U2 snRNA toggles during catalytic activation between a conformation containing stem-loop IIA and a conformation where stem-loop IIA is completely unwound and instead U2 intramolecular helix IIC is formed (Hilliker et al. 2007; Perriman and Ares 2007) . As cryo-EM structural data showed that helix IIC is likely present in the C (Galej et al. 2016; Wan et al. 2016a ) and C * (Bertram et al. 2017; Fica et al. 2017; Yan et al. 2017) complexes, but we observe stem-loop IIA in both B act and B * , our data indicate that U2 helix IIC first forms after catalytic activation by Prp2. This helix most likely forms as a result of the large-scale movement/repositioning of U2 snRNP, which occurs during step one of splicing (Bertram et al. 2017; Fica et al. 2017; Yan et al. 2017) .
SHAPE analysis revealed a significant increase in the flexibility of the first step reactants upon Prp2 action. First, the 3 ′ -most nucleotides of the 5 ′ exon, G-1 and U-2, showed a strong reaction toward the 1-methyl-7-nitroisatoic anhydride (1M7) acylation reagent only in the B * complex (Fig. 2C ). As the 3 ′ position of G-1 is linked to the reactive phosphate of the first step of splicing, this implies that the observed increase in flexibility, i.e., structural disorder or RNA motion (McGinnis et al. 2012) , involves the phosphate directly involved in catalytic step 1. The first nucleotide of the intron, G+1, bearing this phosphate at the 5 ′ position, is sequestered by the Cwc24 and Prp11 protein in the B act complex (see above). The expulsion or destabilization of Cwc24 and Prp11 upon Prp2 action (Ohrt et al. 2012 ) results in a decrease in N7 accessibility in B * compared to B act (Fig.  3B) , suggesting that the base of G+1 forms new hydrogen bond interactions just before catalysis.
The second major change upon Prp2 activation that was detected by SHAPE is a significant increase in the 2 ′ -OH flexibility of the BS-adenosine, as indicated by 1M7 acylation of its 2 ′ -OH only in the B * complex (Fig. 2D) . Considering that the BS is sequestered by the Hsh155/Rds3 proteins in the B act complex (see above), the data imply that this sequestration is abolished by Prp2 action, allowing the increased flexibility of the first step nucleophile, the 2 ′ -OH of the BS-adenosine. However, the situation appears to be more complicated as the BS and intron nucleotides upstream and downstream from it show very similar chemical accessibilities in the B act and B * complexes (Supplemental Fig. S4 ), suggesting that protein contacts with the BS region do not change appreciably. Likely, the SF3a/b protein complexes are nonetheless repositioned within the spliceosome during Prp2 action and thus exhibit altered binding affinities with other spliceosomal proteins; this could lead to their partial loss upon affinity purification of the spliceosome after Prp2 action (Bessonov et al. 2008; Lardelli et al. 2010) . In summary, our data provide direct evidence for the liberation of the two reacting partners of the first step of splicing by Prp2-mediated catalytic activation.
The structural properties of the BS/U2 helix, based on its overall W/C and N7 accessibilities, do not change substantially upon B * formation. In particular, the BS-adenosine remains protected after activation. However, subtle structural differences in the immediate vicinity of the BS/U2 helix are detected (Figs. 1C,F, 3A; Supplemental Fig. S2 ). There are minor increases in W/C accessibility of U2-G34 and in N7 accessibility of G43 in B * compared to B act . In addition, the extreme W/C reactivity of U2-C41 is decreased while the W/C reactivity of the neighboring U40 is increased (Supplemental Fig. S2 ), and flexibility changes are detected by SHAPE at U33 in the linker region of U2, at U38 in the BS/U2 helix, and at the downstream U47 (Fig. 2B) . These changes at the borders of the BS/U2 helix suggest that Prp2 acts on the RNP structure comprised of the Hsh155 and Rds3 proteins and the BS/U2 helix. Moreover, the data show that the structure of the BS/U2 helix does not change while the BS moves the large distance (∼50 Å) toward the catalytic center Rauhut et al. 2016) .
SHAPE analysis further demonstrated that four nucleotides of the 5 ′ exon (AAUG, located 5 nt upstream of the 5 ′ ss) lose much of their flexibility upon Prp2 action (Fig. 2C , bracketed nucleotides). In the B act cryo-EM structure (Rauhut et al. 2016; Yan et al. 2016) , this region of the 5 ′ exon lies in a cleft formed by the Cwc22 protein and part of the N-terminal domain of Prp8, with the two proteins forming the so-called exon entry channel (Supplemental Fig. S5 ). The observed decrease in flexibility suggests that the N-terminal domains of Prp8 and/or Cwc22 strengthen their grip on the 5 ′ exon in the B * complex. Together with the RNA-RNA interactions between U5 loop 1 and the 5 ′ exon, these protein-RNA interactions would ensure that the 3 ′ -OH of the 5 ′ exon remains at the catalytic center after 5 ′ ss cleavage. Two further changes were observed upon Prp2 action. First, U6-G50 in the ACAGA box showed increased N7-purine accessibility in B * compared to B act (Fig. 3C) , suggesting a repositioning of the unpaired base, perhaps by interacting with the Cus1 protein that is located nearby (Yan et al. 2016) . The 5 ′ phosphate of U6-G50 was previously implicated in metal binding (Fabrizio and Abelson 1992) , but at a stage before catalysis (Fica et al. 2013) , and base repositioning may thus be related to the metal requirement for splicing catalysis. Second, U6-G60 of the catalytic triad showed an unanticipated increase in N7 accessibility ( Fig. 3C ; Supplemental Fig. S1D ). U6-G60 is base paired with U2-C22 and is thought to form a base triple by Hoogsteen interaction with U6-G52 (Fig. 1B) . However, our data show that in the catalytically activated B * complex this central base triple does not form or is substantially destabilized, suggesting deviations from this triple interaction in the B * complex. Similarly, the low levels of W/C reactivities found at U6 A59 and C61 in both the B act and B * complex (Fig. 1C) suggest that base-pairing to U2 at these positions is relaxed.
Conclusions
Our investigation of the structural dynamics of the RNA-RNA network in the spliceosome during the poorly understood catalytic activation phase yielded three major novel insights. First, the structure probing data concerning the B act complex were in full agreement with the cryo-EM structures (Rauhut et al. 2016; Yan et al. 2016 ), but provided additional information not readily apparent from the cryo-EM structures. These were the formation of an incomplete helix in the lower part of the U6 ISL, the complete lack of base-pairing involving U6-A62 and G63, and the breathing of U2/U6 helix Ib. These observations suggest that the junction between helix Ib and the U6 ISL is less rigid than previously thought and suggested by the homology with group II introns (Toor et al. 2008; Fica et al. 2013) . Second, an additional effect of Prp2 during catalytic activation, i.e., B * complex formation, is the apparent loss of the triple interaction at the central position of the AGC catalytic triad. While this requires additional experimental investigation, the data suggest that this interaction is not essential for splicing. It is conceivable that the embedding of the RNA network in the protein scaffold within the spliceosome helps to stabilize Mg coordination at this stage and thereby can substitute for this triple interaction. Third, Prp2 action does not lead to substantial changes in RNA secondary structure. However, our data show a dramatic increase in flexibility of the first step reactants (the 5 ′ ss and BS-A) upon catalytic activation and subtle structural dynamics around and within the U2/BS helix. In the B act complex, the 5 ′ ss is already close to the catalytic center by virtue of its interaction with the U6 ACAGA box (Fica et al. 2014 ), but it is caged by the Cwc24 and Prp11 proteins (Yan et al. 2016) , whereas the BS is sequestered in a sandwich between Hsh155 and Rds3 and is located ∼50 Å from the catalytic center (Rauhut et al. 2016; Yan et al. 2016) . For catalytic activation, the sequestration of the first step reactants has to be relieved and the BS has to be moved into the catalytic center. As Prp2 is located on the periphery of the B act spliceosome on the outer side of the Hsh155 HEAT repeats (Rauhut et al. 2016; Yan et al. 2016) , catalytic activation must entail Prp2 action from a distance, i.e., from beyond the Hsh155 superhelical ring (Rauhut et al. 2016; Yan et al. 2016 ). Our observations suggest that the target of Prp2 action to achieve correct positioning of the branch site in the catalytic center is an RNP structure consisting of the SF3a and SF3b, the BS/U2 helix, and the intron fragment downstream from the BS. In addition, the highly flexible 4-nt-long linker connecting the BS/U2 helix to U2/U6 helix Ia allows for rotation of the entire downstream region of U2 snRNP around U2-A30 ( Fig. 4D; Supplemental Fig. S6 ). This is accompanied by subtle local structural changes in nucleotides around and within the BS/U2 helix, as well as other important RNA elements, such as the 5 ′ ss and the catalytic triad regions. Prp2 thus remodels RNA-protein units of the spliceosome in order to liberate the reactants of the first step of splicing from their molecular embrace in preparation for catalysis of the first step of splicing. We will have to await further structural studies of the spliceosome, combined with biophysical investigations, before we understand the molecular details and molecular mechanism governing the mechanics of this evolutionary ancient ribonucleoprotein machine.
MATERIALS AND METHODS

Materials
Oligodeoxynucleotides were obtained from Eurofins Genomics. Synthesis of 1M7 was from 4-nitroisatoic anhydride (ABCR) as previously described (Mortimer and Weeks 2008) .
Spliceosome preparation for chemical probing
Yeast B act spliceosomes were assembled on actin pre-mRNA bound by MS2-MBP at the 5 ′ end (Warkocki et al. 2009 ), using whole-cell extracts from the yeast strain 3.2.AID (α, prp2-1, ade2, his3, lys2-801, ura3 , carrying the G360D mutation in Prp2 [Kim and Lin 1996] ).
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After MS2-MBP affinity purification on an amylose matrix, eluted B act spliceosomes were further purified on glycerol gradients containing 150 mM KCl, 20 mM HEPES-KOH (pH 7.9), and 1.5 mM MgCl 2 . B act spliceosomes from the peak fractions were further incubated with recombinant Prp2, Spp2, and ATP for 30 min at 23°C to generate the B * complex (Warkocki et al. 2009 ).
Chemical modification and analysis
Chemical modifications were performed essentially as previously described (Hartmuth et al. 1999; Anokhina et al. 2013) , except for using 0.1-0.2 pmol of the respective complexes in a total volume of 200 µL containing 40 mM potassium phosphate buffer (pH 7.9), 75 mM KCl, 1.5 mM MgCl 2 , 5% (v/v) glycerol, and 10 µg tRNA were used. For SHAPE, spliceosomes were treated with 6.5 mM 1M7 at 25°C for 5 min. Modifications were analyzed by primer extension as previously described (Hartmuth et al. 1999 ) using 5 ′ -end labeled oligodeoxynucleotides. For U6 snRNA, primer U6_94-112 (5 ′ -AAAACGAAATAAATCTCTT-3 ′ ) was generally used except U6_68-84 (5 ′ -GTTCATCCTTATGCAGG-3 ′ ) for Supplemental Figure S1B . For U2 snRNA, U2_74-91 (5 ′ -AGGTAATGAGCCT CATTG-3 ′ ) was used. Pre-mRNA was analyzed by primers 5
′ -GT GCAATTCTTCTTACAGTT-3 ′ (Supplemental Fig. S3A ), 5 ′ -GC AATTGGGACCGTCG-3 ′ (Supplemental Fig. S3B-D) , 5 ′ -TACA ATAACCAAAGCAGCAAC-3 ′ (Supplemental Fig. S3E-G ). Data were quantified as previously described (Anokhina et al. 2013 ) using Quantity ONE (Bio-Rad). Signals were divided into three classes according to the fold increase observed over background: 1.1-to 2.4-fold increase, weak; 2.5-to threefold increase, medium; greater than threefold increase, strong. SHAPE data were additionally quantified using SAFA (Das et al. 2005 ) and normalized as previously described (Mortimer and Weeks 2007) . The pymol program (http://www.pymol.com) was used to analyze and draw the molecular structures.
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